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IXVXSTIGATION OF A SHROUDED AND AN UNSHROUDFJJ 

AXIAL-FLOW SUPERSONIC  COKF'mSOR 

Fty E$lanuel Boxer and John R. Erwin 

An unshrouded axial-flow supersonic  compressor r o t o r  has been 
designed  based upon the  experience  gained  through tests of the  original 
shrouded rotor .  A study of two-dimen&onal blade  sections  led t o  the 
at tabment  of thicker  blades which al levlated  the  necessi ty  of a shroud 
attached t o  the  blade t i p s .  A 3-6-inch-tip-diameter r o t o r  was con- 
structed and a n  investigation was made i n  Freon-12 gas a t   t h e  NACA 
Langley  Laboratory  through a range of equivalent   t ip  speeds from 866 
t o  1680 fee t   pe r  second when converted t o  standard sea-level air. As 
designed,  the unshrouded r o t o r  produced a-pressure   ra t io   across   the  
r o t o r  of 2.03 i d th  a n  efficiency of 83.5 percent a t  a weight flow 
of 28.0 pounds per second. & s a t i n g  without i n l e t  guide  vanes, the 
r o t o r  produced a pressure r a t i o  of 2.20 a t  a n  efficiencg of 84.5 percent 
and a flow r a t e  of 27.8 pounds per second,  Reasonable  agreement was 
obtained  between t e s t   r e s u l t s  and design  values of the   re la t ive  t o t a l  
pressure and Mach  number a t  the exit af the  blades. 

Tests   resul ts  for an accurately  fabricated model of the o r i g i n a l  
shrouded r o t o r  are  presented f o r  d i rec t  comparison with  data  obtained 
with  the  use of a similar ro tor   t es ted  in air a t   t h e  NACA Lewis Flight 
Propulsion  Laboratory. At the  design t i p  speed of 1610 f e e t  per second, 
t he  shrouded r o t o r  tes ted  i n  Freon  produced a t o t a l  pressure r a t i o  
of 1.98 with  84-percent  efficiency a t  a  weight flow of 27.6 pounds per 
second of a i r ,   a s  compared with 1.93, 79 percent, and 25.8 pounds per 
second f o r  the similar r o t o r - i n  a i r .  The differences are a t t r i bu ted  t o  
t h e   f a c t   t h a t   t h e  flow i n t o  the  blading was not  entirely  supersonic for 
the  tiests in air. 
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INTRODUCTION 

Previous  investigations of axial-flow couipressor rotors  operating 
with  supersonic velocities relative t o . t h e  blade rows have  been  concerned 
m i n l y  with  demonstrating  the  validity of theoretical  concepts af the 
aerodynamic  problems involved. The basic  principles of supersonic oper- 
a t ion  of axial-flm compressors  presented by Kantrowitz in reference 1 
were proven t o  be correct by experimntal   resul ts  of a rotor   tes ted in  
Freon-12 gas (reference 2) .  This  rotor,  although  inaccurately con- 
structed,  exhibited  the  characteristics of supersonic  operation, that 
is, constant  equivalent  weight flow a t  design speed invariable with 
back pressure. The next  logical step, t o  demonstrate the performance 
i n  air, was undertaken with the use of a similar rotor  at the NACA Lewfs 
Flight Propulsfon  Laboratory and the results are reported i n  references 3 
and 4. The results of t e s t s  made in Freon  with  the  use of the recon- 
structed  rotor mentioned in  reference 2 are  presented in t h e  present 
paper for a more accurate compa@.s.on. of._bhe._operation of the supersonic 
compressor i n  Fredn -&id ir"air .  ' 

. . . . . . .  - 
" 

The desirable   character is t ics  a f  supersonic  axlal-flow  compressors, 
high-pressure r a t i o  per stage ana high mass flow per uni t  area, were 
demonstrated  with  these  thin-blade  shrouded- rotors. For indus$rial  A. - 
acceptance of the  supersonlc  cmpressor, a &ruktball.y sound design 
incorporating th icker   b lade   sec t ions   tod lev ia te  the need f o r  the 
blade  shroud is .desirable .  The purpose of this paper i s  t o  describe 
a method by which thicker  blade  sections were obtained and t o  describe 
i n   d e t a i l   t h e  design, tests, and performance of an unshrouded ro tor  
operated in Freon-12 gas. 

The tests of the unshrouded ro tor  were begun a t  the NACA Langley 
Laboratory on August 28, 1947. 

a velocity of sound, fee t   per  second 

A area, square f ee t  

=P specific  heat a t  constant  pressure,  foot-pounds per slug 
per OF 

63 acceleration due to   g rav i ty  (32.2 f ee t  per second per  second) 

M Mach number, r a t i o  of flow velocity t o  the velocity of sound (3 . 
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. 
n rotational  speed of rotor,  revolutions per second 

P t o t a l  or stagnation pressure, pounds per square foot 

P static  pressure,  pounds per square f o o t  

R gas constant  (for pure Freor? 12, 4ll.s; for air, 1716 foot- 
pound per slug OF) 

r radial position measured from ax is ,  feet 

T temperature, OP absolute 

AT 1 adiabatic  stagnation-temperature rise 

AT 

U 

v 
v 
w 

measured stagnation-temperature rise 

rotational velocity (2nnr) at  radius r, feet per second 

velocity of fluid, feet per second 

aTerage velocity of fluid, feet per second 

angle between flow direction and the axis, degrees 

r a t i o  of actual inlet t o t a l  pressure to standard sea-level 
pressure ( P ~ / ~ I U ~ )  
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% ' adiabatic  efficiency  evaluated from survey 

Ilt adiabatic  efficiency 

Y ratio of specific  heats (1.40 for air and 1,125 for pure 
Freon 12) 

e ratio -of actual W e t  stagnation  temperature to standard sea- 
level  temperature (To/S18.4) 

lb turning  angle, r o t o r  coordinates,  degrees 

P density, slugs per  cubic  foot 

Subscripts: 

a axial 

av average 

h root 

m mixture,  Freon and air 

t t i p  

tan tangential 

S stagnation 

0 initial  stagnation  conditions .. 

1 rotor  entrance,  stationary  coordinates 

J 

2 rotor  entrance;  rotor  coordinates 
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4 rotor  exit,  rotor  coordinates 
t 

c 

5 rotor &t, stationary  coordinates 
Prime  denotes  condition  after  waves. 

DESIGN QF UNSHROUDED ROTOR (ROTOR 2) - 

Rotor-desim reauirement8.-  The  general  design  conditions  for  the 
unshrouded  rotor (also referred  to  as  rotor 2) were  the 'same as for 
the  shrouded  rotor  reported in reference 2 arid are outlined below: 

Tip  diameter, inches. . . . . . . . . . . . . . . . . . . . . . .  16 
Eub/tip  diameter . . . . . . . . . . . . . . . . . . . . . . . . . .  0.75 
M a l  Mach  number  at  entrance  to  rotor . . . . . . . . . . . . . .  0.80 
Prerotation  upstream of rotor . . . . . . . . . . . . .  Little o r  none 
Maximum Mach  number  into  stator . . . . . . . . . . . . . . . . .  0.80 
Tip speed in air  at  standard  conditions,  feet  per  second . . . . .  1600 

At  the  time  that  the  unshrouded  rotor was designed,  the  belief was 
held  that  the  entrance  Mach  number  to a particular  blade  section was the 
sole  determinant of the  thickness of that  section. In order  to  have  the 
blades  tapering in the  usual  manner  from  root  to ttp, this  consideration 
required a greater  Mach  number  relative to the  rotor  at  the  root  than  at 
the tip. This Hach  number  distribution  was also desired  for a second  con- 
sideration of this  rotor-design  since  lowering  the  entrance  Hach  number  at 
the  tip,  and  hence.the  pressure  rise  aczoss the normal shock in con- 
jun'ction  with  reduced  turning  angle  were  expected  to  reduce  the  separation 
observed  near  the  tip of the  shrouded  supersonic  rotor. 

- 
A further  condition held to be desirabla  was  the  existence of constant 

t o t d l  pressures  relative  to  the  stator.  Theoretical  evaluation of fric- 
tionless m i a t n p  loss due to noIluniform  total  pressures in straight  pipes 

using the method of reference 5 indicates  that a loss of 2 percent in 
total  pressure  occurs  for a 20-percent  variation af total  pressure  at a 
Mach  number of 0.8. As the  stator-entrance  Mach  number will be of the 
order of 0.8, it  is  evident  that nonuniform total  pressure  would  produce 
eignificant  losses.  The  condition  of  constant  exit  total  pressure can 
be produced  more  readily if the  rotor-entrance Mach number  decreases  from 
root  to  tip.  This wi l l  give a more nearly  constant  entrance  total  pres- 
sure  than if the  design  were f o r  a constant or outwardly increasing  value 
of Hz. W i t h  the  Mach  number  distributions  used,  it is easier  to equalize 
the  power  input  and  the  exit  total  pressures  at  the  various  diameters. - 



Attempts  were  made  to.achieve  these  objectives  solely  through the 
use of guide vanes;  but all the  desired  conditions  could  not be simul- 
taneously  achieved, and some other means of establishing the desired 
flow conditions  had to be introduced.  The  curved  entrance annulus used 
in the  previous  tests  had  made  difficult  the  measurement of the  inlet 
mass flow, so that this means  was  not  favored.  Kantrowfta,  who m p e p  
vised  this  design,  felt  that  the  use of steady  waves  emanating from t h e  
rotor  blades  could  establish  the  required f l m  conditims. Thus, to 
increase  the  Mach m e r  at the inner diameters,  expansion  waves  would 
be  produced, and, conversely,  compression waves would be generated fram 
the  tip  sections  to  reduce  the flow velocities  relative t o  the rotor. 

For  lack of a complete  understanding of the three-dimensional char- 
acter of this steady-wave  configuration, the assumption  waa  made  that a 
steady-state flow would  exist if a radial summation of the waves across 
the anndus equalled  zero. In the  case  considered  herein,  expansion 
waves of 50 at  the  root  section  were  assumed  to  neutralize 50 compression 
waves  produced by the  tip  section, with no waves at  the  mean  diameter. 
The  rotor-blade  entrance  conditions  were  calculated assuming a steady 
flow upstream af the  rotor  (condition 2, fig. 1) unaffected by the  waves 
at the  rotor. The entrance  region.&  the r o t o r  blades was then  set a t  
an angle to this  flow so as to produce  waves of the  desired  strength. 
The  total  pressures and total  temperatures  calculated f o r  condition 2 
were  presumed  to &st after  the  waves  (condition 2' ). 

The  stator-entrance  conditions at the mean diameter were obtained 
for a range of guide  vane  angles  from  the following assmqtians: 

(a)  That  diffusion to-a relative exit Mach number M4 of 0.8 
would  occur  within  the  rotor  at  the mean diameter ( jus t i f id  by previoua 
cascade and rotor  tests) 

(b) That the relative  total pressure loss is equal to that through 
a normal shock at the  entrance  Mach  number 

( c )  A rotor  turning  angle of 6 O  at the mean  diameter to prevent  the 
necessity  for  large  turning  angles at the  hub diameter 

The  turning angle at  the  root and tip  sections  was  then  selected 
to yield uniform exit total  pressure across the annulus and to satisfy 
the  conditions f o r  simple  radial equilibrium of flow at the e A t  of the 
blacta. 

In practice,  these  calculations  were made with  differing  assumptions 
of wave strength, guide-vane  turning  angles,  and-entrance &a1 Mach 
number  until a design satisrying the various requirements  mentioned 
previously  was  obtained.  The floy conditions for this design  are  pre- 
sented in  figure 1 f o r  air  and  for  Freon-12 gas. 
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Flade sect?  on -.- A t  the  conclusion of tests reported in 
reference 2, e f f o r t s  were made t o  obtain  blade  sections  thicker than 
those  ut i l ized Fn the shrouded rotor,  in order t o  aliminate  the need 
f o r  a  blade shroud. Several  two-dimensional  blade  shapes were obtained 
graphically and then  tested in the  cascade equipment described in  
reference 2. The design method i s  outlined below: 

(I) A s t ra ight   sur face   para l le l  t o  the  desired  entrance f l o w  
direct ion i s  provided on the rear o r  lower surface ( A  t o  A ' ,  fig. 2) 
t o  create  the  "entrance  region"  (reference 2) .  Thus, ang Hach l i n e  
originating downstream of 8' lies wholly  within  the  blade  passage. 

(2)  Canpression waves are  intrcduced downstream of the  entrance 
region at AI and 3' by changing the  surface  direction at those points. 
The strength of these compression waves is a r b i t r a r i l g  chosen a s  one- 
half that caused by the  leading-edge shock a t  D. The slope of the   rear  
surface remains unchanged between Bl and C. 

(3 )  The leading-edge wedge angle a t  D m u s t  be small enough t o  
permit the flow t o  remain supersonic  domstream of the  oblique shock (DE) 
caused by the  wedge and the compressions originating on the  rear  surface 
at AI and B l .  The supersonic  portion of the  leadin@; or upper surface is 
composed of straight-line segments deflected where necessary t o  cancel 
the  canpression waves from At aiLd Bl . 

(4) The width of the throat  or minirmnn distance between blades (Ep) 
i s  predetermined by the  entrance  length GO and the  average Mach  number 
across CD for which the  passage is designed t o  star t .  (See reference 6.) 
The entrance  length CD is taken through D and perpendicular  to  the mean 
direct ion of flow since it is assumed that a t  the  instant   the  passage 
-starts  supersonically  the normal shock position  coincldes  with CD. The 
average  entrance Mach  number i s  a r b i t r a r i l y  assumed 0.05 l e s s  than the 
weighted  average acre-ss GD f o r  the  calculation of the throat length EF. 
The posit ion of the  throat  is determined by the   intersect ion of the 
shock DE with  surface FG drawn paral le l  to and at the  calculated t h r o a t  
distance frm BF. A circular-arc  f-ing'tangent t o  surfaces EG and B I C  
i s  then drawn to complete the supersonic portion of the  blade  section 
since it is assumed tha t   the  normal shock is  located along ET?. 

The passage downstream of the minimum section was constructed t o  
have a very slow r a t e  af diffusion initially followed by a more rapid 
r a t e  toward the exit. The purpose of the initial slow diffusion was t o  
provide a - m - o a t  i n  which the normal shock might be s tab le  a t  lower Mach 
numbers than i n  a rapidly  diverging  passage. The analysis from which 
this poss ib iE ty  stemmed is presented in reference 7. The area expansion 
in the  subsonic  portion is symmetrical  about a circular-arc mean passage 
l ine  or iginat ing halfway between E and E' and tangent t o  required  eldt  
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angle a t  the t r a i l i n g  edge .of the r o t a r .  The so l id i ty  of the  blades is 
arbitrary,  a value  close t o  3.0 being chosen. t o  ..obtain re-asonable 
proportians . .  

APPARATUS AND METHODS 

The c m p r e s s m   t e s t   r i g  (shown schematically i n  f ig .  3)  was iden- 
t i c a l   t o  that described in reference 2, with  the  exception of the  instal-  
l a t i on  of drum-type thrott le  valve.  The throt t le   consis t ing of two 
concentric  perforated  cylinders, one statio- and the  other  rotated by 
an electric  actuator,   replaced  the  butterfly vane in  a n  e f f o r t  t o  reduce 
the scale of the  turbulence entering the settling chamber. More sensi- 
t ive throttling  control  resulted.  In  addition,  the  use of remote control 
allowed one operatbr  to regulate both thrqt t le   posi t ion and driving 
turbine speed and resulted in more accurate  regulation and longer testing 
time with the  limited supply of compressed a i r  available. The section of 
the  tes t   apparatus  upstream of the ro tor  was a l te red   to   c rea te  a s t ra ight  
i n l e t  converging  about  the  pitch  diameter as shown i n  f igure b .  

Tests were made i n  Freon-12 gas a t  or  near room temperature and a t  
0.3 of atmospheric  pressure. 

Test rotor 1.- Mention was made in  reference 2 of' a skouded  rotor 
b u i l t  t o  the same aero@namic specification as the  original but more 
accurately  constructed.  Greater  care was taken i n  the  detail   design 
of the  blade  t ip  shroud  attachment; a r iveted  ra ther  than welded j o M t  
was used as can be seen i n  the photograph of the'  rotor  (fig. 5 ) .  The 
construction  accuracy was very good. 

The rebladed  rotor was tested w i t h  t he  expansion r a t i o  found t o  be 

optimum i n  the  previous tests (2 = 1.091, f ig .  6 . Balsa-wood inserts 

were glued t o  the inside of the shroud t o  reduce the annular height a t  
the exit and-to  provide a smooth surface  covering the r i v e t  heads. The 
contraction  ratio of the  flow  passage ( A 2 / A 3 ,  fig. 6 )  of 1.086 was 
obtained by the  addition of a balsa-wood f a i r ing  on the  convex side of ' 

each  blade. A constant 100 wedge of balsa 0.02k-inch thick was main- 
tained from root t o   t i p  and was fa i red  t o  zero  thickness a t  the trailing 
edge,.aa shown f o r  the p i tch   sec t ion   in   f igure  6. The thickness-chord 
r a t i o  is identical  with that of the L e w i s  Flight  Propulsion  Laboratory 
ro tor  blades  (reference 4); however, the  contraction  ratio of the air- 
t e s t   r o t o r  is s l igh t ly  greater because of the  increased basic thickness 
o f  the  blade  section. . 

) 

. - 

. 
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Preliminary-stage  performance tests made with  rotor 1 u t i l i z e d  
two  rows of untwisted  stators t o  re turn  the flow t o  an mal dire’ction. 
Each row consisted af 25 3-inch-chord blades, The leading set w a s  a n  
NACA 65-408 compressor blade  section a t  an angle of 37 .Lo from the &al 
direct ion;   the  rear  set was an NACA 65-(23)08 section a t  an angle of U.60 
from the Mal direction. The s t a t o r  blade rows were staggered so that 
the wakes from the upstream blades would pass between the downstream 
blades. 

Details of the  rotor  construction can be seen in the photograph 
of the  rotor   ( f ig .  . 8  ). The blades w e r e  machined from 17S-Tb aluminum- 
alloy stock;  the  rotor disk, from a l4S-T6 forging. Although the 
blades  are t h i n  (p i t ch   s ec t ion   t h i chess   r a t io ,  approximately 4 percent), 
no v ib ra t iona l   d i f f i cu l t i e s  were encountered i n  these tests. 

The t ip   c learance f o r  all t es t s ,  0.015 inch under static  conditions,  
was selected as the minimum clearance  permissible. The rotor  blades were 
ca lcu la ted   to   s t re tch  0.005 inch while  running at  maximum speed in these 
tests. 

Testing procedure.- Compressor test runs were made a t  preset  
constant  values of rotational speed with no attempt made t o  hold 
constant  cmpressor Mach number or equivalent tip speed inasmuch as 
the   rotor  speed,  Freon  purity, and entrance  stagnation  gas temperat’bre 
could  vary as much as 1 percent, 2 percent, and 100 F, respectively, 
during a test resu l t ing  in a change of e m v a l e n t   t i p  speed of as much 
as 3 percent.  Correcting the Freon-test. resdts t o  corresponding  values 
i n  air   in t roduced an addZtional  effect upon the  equivalent  tip-speed 
parameter and is  discussed i n  the appendix.  Since  the r e s u l t s  of tests 
i n  Freon yle ld  qual i ta t ive  values, these  variations i n  operating con- 
d i t ions  were acceptable inasmuch as the  desired  resul t  - ver i r ica t ion  
or modification of the  de&gn.assmptions - could be established. 

In general,  the  procedure followed i n  operating  the compressor 
consisted of f i r s t  obta-ng .the desired  rotational speed  with t h r o t t l e  - 
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open  and  then  gradually  increasing  -$he  compression  ratio  noting  the 
throttle  position  at  which  surge  occurred.  The  throttle  was  then 
opened fully and the  process  repeated  until a throttle  position  very 
near  the  surge  point was reached.  The  flow  survey  for  the nmxhnm- 
pressure-rise  condition  was  then  made.  Partially  throttled runs were 
made in a similar manner. 

I 

. .  " 

Several  tests  were  made  at  speeds  near design for  the &mum- 
pressure-rise  condition  since  the  pressure  rise is sensitive  to  slight 
variations in throttling. 

Instrumentation.-  The  instrumentation Or the cmpressor installation 
is  completely  described in reference 2, but for the  sake of continuity of 
the  present  paper is briefly  reviewed in this  section.  Fixed  static- 
pressure  taps  were  installed in the  settling  chamber,  in  the w a l l s  up and 
domstream of the  r o t o r  (see  fig, 4), and  at  the  exit of the  diffuser. A 
radial  survey of t o t a l  and static  pressure arid f low angle  made  upstream 
of the  rotor  indicated  that  the flow into the rotor  was fairly uniform 
except f o r  a very small boundary  layer  on  each wall. For all operating 
conditions,  radial  surveys  of  total and static  pressure and flow direc- 
tion were  taken  downstream of the  rotor.  With  the  shrouded  rotor,  the 
location of the  pressure  survey was 1.25 inches behind the  rotor. 

All pressures  were  recorded  simultaneously by photographing a mer- 
cury  manmeter.  The  rotor  speed.was  measured by a calibrated  tachometer: 

Total  temperature  measurements  were  made in stagnation  regions 
before  and  after  the  rotor by means of five  thermocouples  connected in 
a series  at  each  station. In  addition,  calibrated  aircraft  type of 
electrical  resistance  thermometers  were  installed  to  supplement  the 
thermocouple  readings. All data-reduction  methods  are  based upon 
temperatures  measured by means of thermocouples, since-the time lag 
necessary  for  the  resistance  element to come to equilibrium  was  con- 
siderable  compared w i t h  the  length of time available  for any test run. 
However,  the  temperatures  obtained by both  mean's  were in good agreement 
just  before  shutdown, a result  which  served  as an instrumentation  check. 

The  ,velocity of sound in  the  Freon-air mixture was measured.by an 
instrument similar t o  tha t  described in reference 8. The  proportions 
of the  gas  constituents  and  the  physical  characteristics were then 
determined. 

Reduction of' data..-  The  method of performance  calculations  followed 
in this paper is fully  described in appendix B of reference 2. The 
weight f low downstream of the r o t o r  was obtained by integration of the 
elemental  weight flow obtained by a radial. survey. The upstream flow 
measurement was based  upon  wall  static  and  settling-chamber  pressure 



readings. The inflow and outflow measurements usually agreed  within 
2- 1' percent and were averaged to obtain the  values  presented. 
2 

For the  configuration  utilizing  guide vanes, a i r  m s  b l m  at  low 
speed  through the compressor t e s t  rig with rotor and diffuser  removed t o  
obtain  the radial d is t r ibu t ion  of turning angle through the guide vanes. 

Two methds of computing the ro to r  efficiency are available f rom the 
data taken:  the first, designated q t  is the r a t i o  of the temperature 
rise f o r  isentropic  compression  through the  weighted t o t a l  pressure rise 
t o  the measured stagnation-temperature  rise  across  the  rotor;  the second, 
qp is the ratio of the useful energy  output t o  the energy input as cal- 
culated from momentum and pressure changes. Efficiencies computed by 
both methods are  presented  herein  because  either may be 5 n  e r ro r  by 2 p e p  
cent a t  design  speed f o r  a  temperature-rise-measurement e r ror  of 10  F o r  
2-percent (0.20 inch of mercurg) error i n  exit static-pressure measurement. 

RESULTS AND DISCUSSION 

- 
The compressor character is t ics  of both rotors are  presented in terms 

of equivalent  t ip speed and weight-flow parameters converted t o  air flow 

converted t o  air for comparison purposes,  they are s t r ic t ly   appl icable  
1 by the means indicated in the app'endix. Although the results have  been 

. only to these   t es t s  made in Freon  gas. 

Rotor 1 

Rotor alone.- The over-all performance of the shrouded r o t o r  without 
guide  vanes i s  s h m  in f i g ~ e  9. A t  the   design  t ip  speed a pressure 
rat io   across  *he- FG€-<r"of 1.98 and an efficiency qt of 8 l  percent were 
measured. Comparison of results reported in reference 2 shows that   s ig-  
n i f ican t  improvement i n  performance,  roughly  10-percent  increase in 
pressure ratio, w a s  obtained by more accurate  fabrication of the  blades 
and shroud. 

Included in f igure  9 a re   r e su l t s  of a similar rotor t es ted  in a i r  
at the Lewis Flight  Propulsion  Laboratory  (reference 4). Although the 
pressure rise across  the compressor  measured in a i r  agrees very well  with 
present Freon data, a shut i n  the  surge limit l i n e  i n  the  direct ion of 
lower flow rates  occurred in t h e   a i r   t e s t s .  The efficiency of operation 
in a i r  near  design speed is 4 . t o  5 percent less than  that  measured i n  
Freon.  Hachining tolerances and t h e   U f e r e n c e  by a fac tor  of 2 i n  t e s t  
Reynolds number can  explain only small - m i a t i o n   i n  weight flow at 
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design speed. However, this performance would be explained Ff the  
compressor t e s t e d   i n  air did. not  completely attain  the  supersonic 
operating  condition;  that is, the f law i n  the  entrance  region of the 
blade  passage was not  entirely  supersonic. As stated  in  reference 4, 
the  weight flow i s  seen t o  have vaned  as much as 8 percent with pressure 
r a t i o  at a t i p  speed of 1608 feet  per second f o r  the a i r  tests; whereas 
i n   t h e  Freon tests the flow rate is constant  within limits of experimental 
accuracy.  This may i n   p a r t  be a t t r i bu ted   t o  the f a c t   t h a t  Freon has a - 

lower starting Mach  number f o r  a given  contraction  than air .  Furthermore, 
Freon, unlike air, will permit  an oblique shock t o  be attached to a 100 
wedge a t  the  design Mach number (1.35) for  the  root  section. As mentioned 
i n  reference 4, a noticeable  pressure-rise  f ield was measured just up- 
stream of the root section; t h i s  pressure-rise  field  indicated  the 
presence of a bow wave. Thus, the flow entering  the  rotor was apparently 
not entirely supersonic. 

Radia l  variations of several  important  factors are shown i n   f i g u r e  10 
for the  equivalent  t ip speed of 1610 fee t   pe r  second i n  a i r .  The curves 
have  been obtained by averaging  resultd of several tests t o  eliminate the  
e f f ec t s  of unavoidable variations of equivalent t i p  speed. The t o t a l  
pressure  ratio  acrosz the rotor  increases from roo t   t o  tip, although the 
r a t e  of increase diminishes-toward  the t i p  because the  total   pressure 
recovery in the  rotor  passage falls rapidly i n  the  outer  third of the 
annulus. The rotor  tested fn a i r  produced a s l igh t ly   g rea t e r   t o t a l  
pressure rise in the M e r  half of t h e  annulus; however, the  rapid drop 
in   p ressure   r i se  anlt t o t a l  pressure  recovery in the  t ip   por t ion  of the 
passage  yielded a net weighted  average  pressure rise approximately  equal 
t o  t h a t  obtained in Freon  but a t  a lower over-all  efficiency. The 
passage  pressure  recovery in the  outer half of t h e  annul& f o r  Freon 
tests approximates  the normal-shock pressure  recovery a t  the  re la t ive 
entrance Hach  number (an assumption made Fn the design of rotor  2 ) .  It 
should be pointed out that   the  method of computing passage  pressure 
recovery and re la t ive  exit Mach number may lead  to   errors   s ince  the 
total   pressure measurement upon which the  calculation depends is an 
average of t h e  main stream and separated  region  pressure. 

A possible  explanation .of the  differences between a i r  and Freon 
resu l t s  i s  t h a t  the rotor  operating i n  a i r  had a detached normal shock 
f o r  a f in i te   por t ion  of ita blade  length. By the use of K a n t r m i t z f ~  
hy-pothesis of an  upstream wave pattern  (reference I), the stagnation 
pressure  relative to  the  rotor i s  reduced an amount approximately  equal 
t o  the l o s s  through a normal shock a t  the  entrance Mach number. The 
additional losses through  the  passage  caused by f r i c t ion  and a normal 
shock occurring a t  a Mach  number c lose   to  one after the minimum section 
are small in canparisan. If the  outer  section of the  blade is operating 
supersonically with an  attached  oblique shock a t  the leading edge and 
with a normal  shock a f t e r  the mFnimum section, the p o s s i b i l i t y   e a s t 8  
that  before  the  contained shock can be  moved far enough forward by 

i 
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throttling  for maximum pressure  recovery  the  lncreased  back  pressure 
pr i l l  cause stall at the  inner  diameter  and  simultaneously a complete 
stall of the  compressor. As evidence  that  such was the  case,  the 
relative  exit  Mach  number  near  the  tip  (fig. 11) is shown to  have  been 
lower  for  the  air  test,  yet  the  passage  total  pressure  recovery was 
a lso  very mch lower.  The  supposition  being  advanced is that  the  Mach 
number  ahead  of a normal shock  near  the rear of the  passage  at  the  tip 
was higher  than  at  the  throat  section  of  the  tip;  therefore, a greater 
shock 1oss.and severity of the flow separation  was  created in t he  case 
of the  air  tests.  However,  separation  occurred  at  the  rear  of  the 
passage;  thereby,  the  reacceleration  of f l o w  usually experienced in a 
channel  behind a normal  shock  was  reduced  and  lower elcit Mach  numbers 
resulted  for  the  air  tests. Good agreement  between  the  design  rotor 
turning angles and the measured  values w w  obtained in the  Freon  tests, 
as mustrated in figure 10(c). 

Rotor in presence af Statorso- All tests so far  made  upon NACA 
supersonic  compressors  have  been  concerned only w i t h  the  performance of 
the  rotor  alone.  The  possibility  existed that the  stators  might  affect 
the  rotor  performance  because of the  pressure  fluctuations  experienced 
by the running blades in pawing through  the  pressure  field about each 
stator  blade.  These  pulses might limit the  degree  to  which  the com- 
pressor  could be throttled.  Several  tests,  pre1imim.q in nature,  were 
made  with  the  shrouded  rotor  (before  the  addition of the  balsa  contrac- 
tion  wedge)  with  the  use of two rows of stator  blades.  Since a cross 
channel  survey  after  the  rotor was not  attempted  because of interference 
with  the  stators,  comparison of results, with and  without  stators,  was 
made  on  the  basis of the  total  pressure  rise measured at  the mean diam- 
eter  and  the  static-pressure  rise  measured on the  inner and outer  casing 
immediately  downstream of the  rotor. No discernible  differences  were 
noted in the  measured  quantities;  therefore,  it was indicated  that  the 
operation  of  the  rotor was unaffected by the  stators.  However,  when 
the  blade  angle af the  front  row  of  stators was increased so (decreased 
angle of attack),  the  rotor  was  stalled  at all speeds and throttle 
settings.  Apparently  reducing  the  stator  angle  of  attack  caused a lower 
surface s t a l l  which  in  turn  reacted on the  rotor;  the pressure drop 
through  the  stators  became  equivalent t o  excessive t h r o t t l i n g .  

Pressure  measurements  made imnediately upstream of the expansion 
joint  (fig. 3)  indicated  the  stator-diffuser  combination  converted 80 per- 
cent of the  inlet aynamic pressure to  static  pressure.  The  over-all 
adiabatic  efficiency  is in doubt  because of instrument  difficulties. 
However, if it is assumed  that no change in rotor  performance  occurs 
because of the  stators,  the  calculated mer-all efficiency  is 75 percent. 

A n  interesting  photograph  of  the  rotor taken after  several  hours of 
testing in conjunction with stators  is shown in figure 12. Evidence  can 
be seen on the  shroud of the  position of the shock  in  the  blade  passage 



and what appears t o  be separation of flow from the concave surface 
following the shock. The dark l i n e s  are believed  caused by the depo- 
s i t i o n  upon impact of suspended o i l  in the Freon and subsequent adhesion 
of minute dust  particles.  Similar  streaks were noticed on the shroud 
af ter  tests with  balsa added t o  one side of the  blades. I n  this  instance,  
the  streaks appeared near the minimum sections of the  passages. 

Rotor 2 

Data were taken t o   d e t e d n e   t h e  performance of the  rotor  alone 
pending the f inal  machining of the guide  vanes, The compressor  charac- 
teristics obtained for rotor 2.when operated  without  guide  vanes  are 
presented in figure 13. Maximum to ta l   p ressure   ra t io  measured across 
the  rotor  varied f r o m  1.29 a t  948 feet  per second t o  2.30 a t  1680 feet  
per second; a value of 2.20 w a s  obtained a t  equivalent speed of 1610 fee t  
per second and a flow rate af 27.8 pounds per second. The peak adiabatic 
efficiency of compression a t  design  speed is 84.5’ percent. 

The guide  vanes  had.a  deleterious  effect upon the performance of 
the compressor. A t  design  speed,  the to ta l   p ressure   ra t io  through the  
unit of 2.03 was less by 8 percent  than that  measured d t h o u t  guide 
vanes, although t h e  flow rate remained v i r tua l ly  wichanged (f ig .  a). 
The adiabatic  efficiency was reduced 1 percent  to a value of 83.5 percent. 
The ra ther  wide divergence between the qt and qp eff ic iencies  f o r  
this   condi t ion can be traced t o  differences between the guide-vane 
turning angles used in the calculation of % and the turning that 
occurred  during  rotor  test  runs. The turning  angle. through the  vanes 
used in calculating q was obtained by calibration a t  low air veloc- 
i t i e s .  The angles were found t o  be roughly one-half that required. 
Recent cascade  data  (reference 9 )  have disclosed  significant  reductions 
in turning angle f o r  a cascade of  blades as the Reynolds number is 
reduced  frm.350,000, it typical  Value f O r  the   rotor  tests, t o  100, m, 
the magnitude of tha t  of the  calibration test. Recalculation of one 
tes t  point with the assumption of design guide-vane turning being 
realized  resulted in bet ter  agreement between r+, and q t .  However, 
the  results  presented  in figure U(b)   for   ro tor   e f f ic iency  have not 
been so corrected. 

P 

During operation of the compressor, no discontinuities i n  perform- 
’ ance were noted f o r  either configuration.  Operation in and acceleration 

through the  transonic-speed  range was accomplished smoothly and repre- 
sented  therefore a stable  operating  region. The constancy of weight flow 
a t  design and higher t i p  speeds i s  indicative of. supersonic  operation. 
with and without  guide vanes. 
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Attempts were made t o  increase  the campressor efficiency  at   speeds 
s l i gh t ly  lower than design in a manner suggested  the  behavior of 
supersonic  diffusers. The major problem in supersonic  dFffusers of 
fixed  geametq is one of s tar t ing;  once the flow in to   the   d i f fuser  is 
supersonic ,   theoret ical ly   e i ther   the  contract ion  ra t io  may be increased 
or the  entrance h c h  number decreased, within llmits,  without spilling 
the  shock and therew increasing  the.  diffusion  efficiency f o r  a given 
diffuser.  (See  reference 5.) Therefore,  the  possibility was offered 
of increasing carnpressor efficiency  reduclng  the  rotational speed 
a f t e r   t he   ro to r  had at ta ined i ts  design  supersonic  operating  condition 
and so lowerhg  the  entrance Mach  number.  However, no discernible 
differences were measured, probably  because  the pressure disturbances 
originating downstream of the r o t o r  mere suff ic ient ly   s t rong t o  prevent 
a s table  normal shock i n  the  blade  passage a t  lower Mach numbers. In 
compressors  designed for  higher  entrance Mach numbers an@ having greater 
contraction ratios, this procedure may result i n  fmprwed  performance 
a t  lower than design speeds. 

The guide  vanes do not  appreciably  affect  the  radial  average t o t a l  
pressure  re la t ive t o  the rotor ,  and therefore  the  conclusion  could be 
reached that the   p ressure- ra t io   across   the  r o t o r  would be decreased an 
amount proportional t o  the l o s s  through  the  guide  vanes. The loss in 
t o t a l  pressure of 1 percent  calculated' f o r  these  vanes agrees with that 
obtained in tests made at  the Lewis F l igh t  Propulsion  Laboratory on 
similar  vanes (unpublished data) and, therefore, cannot e x p l a b  the   l a rge  
decrease i n  pressure ratio when guide  vanes are  used. With the  guide 
vanes choked a t  a sufficiently  high Mach  number, losses in t o t a l  pres- 
sure of 5 percent have been  measured. That t h i s  i s  not  the  case f o r  
these t e s t s  is evident since the weight f low increased w i t h  t i p  speed 
f o r  all conditions  tested. 

Another loss i n  energy i s - t h a t  caused by the  waves propagated 
upstream. The s t rength of the waves and the  associated loss is con- 
siderably less in  the absence of the guide  vanes.  Calculation of the  
energy dissipated by these waves computed i n  accordance  with  reference 1 
indicates an afficiency  reduction of less than one-half percent and a 
pressure r a t i o  decrease of' 1 percent. The additional mutual interference 
e f fec ts  between the  guide vanes and r o t o r  are udmown, but Rmall energg 
dissipations may be produced by the ro to r  blades in traversing  the low 
velocity wakes of the  guide vanes. 

The lower pressure ratios obtained w i t h  guide  vanes would s e a  t o  
be due  more t o  the  difference of r o t o r  inlet   conditions caused by the 
guide  vanes and the waves than of l o s ses   i n   t he  guide  vanes and waves. 

Radial  variations of several  performance  parameters a re  shown i n  
f igures  15 and 16. When guide vanes are  used, the  total   pressure dis- 
t r ibu t ion  is  f a i r l y  uniform and the   f ich  nimber of the  flow entering 
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the   s ta tors  i s  less   than 0.8 a t  a l l  points;  therefore, two of the 
requirements  specified f o r  the r o t o r  have  been sat isf ied.  The gas 
f l o w  has been deflected inward within  the  rotor as predicted by t h e  
design.  The-turning  angle and the f l o w  angle   re la t ive  to   the  s ta tors  
agree  with  design  values  in  the  central  portion of the annulus. The 
turning  angle shown is the  difference ia. flow d i r ec t ion   r e l a t ive   t o  
the rotor a s  computed between a plane  immediately downstream of the 
guide  vanes and the   ex i t  from the   rotor  and thus  includes  the wave 
turning. 

The t o t a l  and s ta t ic   p ressure   ra t ios  measured across  the  rotor are 
lower  than  those  predicted i n  the  design. The noted  discrepancy is 
approximately  equal t o  t h e  difference between e s t b a t e d  and measured 
total   pressure  recovery i n  the  passage. However, no account has been 
taken of the guide-vane losses;  the  inclusion of these losses would 
yie ld   be t te r  agreement between the  design and measured values. 

The rad ia l   d i s t r ibu t ions  of pressure,  velocity, and flow direction, 
i n   t h e  absence of guide vanes, are  compared i n  f igure  15 w i t h  those 

compression and expansion  strengths  could  not be found. Therefore 
calculations were made w i t h  varying M a l  Mach numbers u n t i l  a solution. 
which obeyed the  requirements of f l o w  c o n t i d s y  upstream of the waves 
and a t   t he   ro to r  was found a t  an inflow axial Mach nurnbsr  of 0.76. The 
passage  turning  angles..and  the  relative  exit Mach  number a t  the mean 
diameter were assumed equal t o  the  design  values  and-the rotor perform- 
ance was then  recalculated.  Inspection  &-figure 15 reveals good agree- 
ment between recorded and estimated  pressure  rise and recmerg. The 
flow angle  into  the  rotor upstream of the waves 82 w a s  calculated 
wi th  the  use of the Hach  number measured a t  wall  static-pressure 
taps 1 ihch  upstream of the  rotor  where the  pressures on the  inner and 
outer inlet surfaces were equal and with  the  use of the hown rotat ional  
velocity. The excellent agreement between calculated and estimated angle 
pz indicates the val id i ty  of the method  employed t o  determine the initial .. 

inflow  velocity. Except for  the  tip  sectiona,  the  pressure  recovery i n  
the  rotor  passage  corresponds c lose ly   to  that estima.ted. Although dif- 
fusion  in   the  rotor  passage t o  lower than estimated Mach numbers  was 
obtained  probably  because of increased  solidity,  the  total  pressure rise 
i s  substantially  equal  to  that   calculated  since  the  turning through the 
rotor i s  l e s s  than expected  over  a major portion of the annulus. 

' values  estimated by an approxbate  analysis.  A wave condition of equ'al 

When the  guide  vanes a re  used, conditions  nearly  equal t o  simple 
radial   equilibrium  are  established in the  rotor passage  immediately 
downstream of the normal shock, the  assumption  being made a s  b refer- 
ence 4 that  the  design  inlet   conditions after waves are realized - t ha t  
is, the  posit ion of the normal shock is at the passage throat and the 
theoret ical  Mach  number a f te r   the  shock is obtained. Without  vanes, the 
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static-pressure  gradient i s  greater by a fac tor  of three than tha t  - 

necessary for equilibrium.  Apparently,  the improved dsfusion  obtained 
i n  the  absence of the  guide vqes  refutes the  premises advanced in 
reference 4 regarding  the  necessity of pressure  equilibrium  behind  the 
dormal shock f o r  maximum di f fus ion   or   e l se  the assumptions  used therein 
to  calculate  the  static-pressure  gradient  behind the shock are  invalid.  
Flow separation  behind the normal shock prevents the attainment of the 
theoretical   pressure r ise .through  the shock. That  a region of separated 
flow  eldsts on the  rotor  blade surfaces because of shock  boundaryLlayer 
interact ion as observed in cascade i s  indicated by the fact that the 
average exit Mach  number E4 exceeds the value  calculated  for one- . 

dimensional  nonviscous flow. This phenomenon prevents a purely  analytical  
design  approach for  supersonic  cmpressors and necessitates  the  use of 
empirical  facliors  for ex5t Mach  number and total pressure loss. 

The results of t e s t s  of t w o  NACA axial-flow supersonic  compressors 
are summarized as follows. The 16-inch-tip-diameter ro tors  were t e s t ed  
in Freon-12 gas and the   resu l t s  were corrected  to  equivalent  values  for 
air. - 

Thin-blade  shrouded rotor.- T h i s  ro tor  had a design ident ical   wi th  
that of the rator  previously  investigated (NACA RM L6JOlb) but w a s  more 
accurately  fabricated. A t  the  equivalent  t ip speed of 1610 fee t   pe r  
second, a to t a l   p re s su re   r a t io  of 1.98 was obtained which i s  about  10  per- 
cent  higher than found in the  previous tests. The maz&num efficiency 
of 84 percent and a weight flow of 27.6 pounds per second are  slightly 
greater  than the  corresponding  values of the  previous tests. 

Comparison with  results from a similar ro to r   t e s t ed   i n  air at t he  
Lewis Flight  Propulsion  Laboratory  indicates that somewhat 1ower.weight 
flow and efficiency were obtained i n  the air te.sts, a re su l t   a t t r i bu ted  
to t he   f ac t   t ha t   t he  flow in to   the  blading in the  air t e s t s  was not 
en t i r e ly  superaonic. 

The presence of s t a t o r s  immed-tely behind the  rotor  did not 
affect   the   rotor  performance when the   s ta tors  were set 2 t  their   design 
angle. - . . - - " 

Unshrouded rotor.-  This  rotor had thicker  blade  sections  than  the 
shrouded rotor,  and guide  vanes were incorporated & the  design. With 

unshrouded rotor  produced a total   pressure r a t i o  of 2.03 with an effi- 
ciency of 83.5 percent and weight ' f lm of 28 pounds per second. Operated 

values of 2.20, 84.5 percent, and 27.8 pounds per second, respectively. 

- guide  vanes and at an equivalent t i p  speed of 1610 fee t   pe r  second, the 

- without  guide vanes, the-unshrouded  rotor produced the  corresponding - 
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The  operation of the  compressor was smooth and the  compressor 
exhibited no  discontinuities in performance  through  the  transonic 
speed range. 

The  empirical assumptions used  in  the  design of this t ype  of 
supersonic compressor, namely, that  the  relative  exit  Mach  number at 
the mean diameter is 0.8 and  that  the  total  pressure l o s s  is equa l  to 
that  through a normal shock at  the  relative  entrance  Mach  number,  were 
found to be in reasonable  agreement with the  test  results. 

Langley  Aeronautical Laboratov 
National Advisory Committee for Aeronautics 

Langley Air Force  Base, Va. 



APPENDIX 

CONPERSION OF FREON TEST RESULTS TO 

CORRESPONDING VALUES FOR A I R  

It i s  usual t o  express  the performance of ccanpressor elements in 
terms of the  quantity of a i r  handled f o r  a given angular ve loc i ty   o r   t i p  
speed. For d i r ec t  comparison with the  numerical values familiar t o  
compressor designers,  the results of Freon t e s t s  of the  supersonic com- 
pressor have been converted t o  the equivalent  values i n  air. 

A discussion of the  differences which e e s t  i n  using  Freon  or a i r  
as   the   t es t ing  mediums is presented in  appendix D of reference 2. From 
the  example i l lus t ra ted   there in ,  it is apparent that the inlet  Mach 
number relative  to  the  rotating  blade  should  be made the  basis  of com- 
parison  rather  than  the eompressor Hach nmber. If it is assumed t h a t  
design  entrance axial Piach  number i s  the same and t ha t  no prerotation 
of t he   f l u id  occurs,  the  relation between rotational  speeds i n  air and 
Freon may be found as follows: 

since 

1 

4 
Freon 

f o r   t h e  same standard  stagnation  conditions. - 
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I n  the  design  utilizing  guide vanes, t h e  re la t ion  between rotat ional  
speeds i n  a i r  and Freon was determined a t  the   r ad ia l   s t a t ion   a t  which 
there was no turning. The turning and wave strength  at   the  other diam- 
e t e r s  had t o  be adjusted  to  maintain  the  identical  entrance Mach number 
dis t r ibu t ion  i n  the two  mediums, a s  can be seen in f igure 2. 

The var ia t ion of measured inflow axia l  Mach number from design has 
a  very small ef fec t  upon t he   r a t io  of rotat ional  speeds, especially Ff 
it be assumed that   the  same discrepancy i n  Mach number yd.1 be noted 
f o r  air. A t  speeds  lower  than  design, t h e  equivalent t i p  speed  converted 
t o  air i s  not  constant dong a characteristic  curve  since  the axial Mach 
number varies. For these reasons,  plus the f a c t  that the  puri ty  of Freon 
var ied  s l ight ly  from t e s t  t o  t e s t ,  nominal values of equivalent t i p  speed 
have been used based upon average  inflow Mach numbers and are  tabulated 
a s  follows: 

Freon 

speed Equivalent speed Tip  speed 

A i r  
. . .. . - .  

Rotational 

t i p  speed 

Rotational 

(rPd 
. " .  

( r p d  

768 24,020 1,680 ll,ooo 
733 ' 23,020 1 , 610 .. . 

10,500 

698 10,000 1,550 22,180 

628 20,120 1,407 99 000 

524 16,620 1; 176 . . 7,500 

419 

12,380 866 5,500 384 

13 , 560 348 * 6,000 
." 

To determine  the  corrected  weight flow converted t o  air, the  
assumption was made that the  axial  Mach  number a t  the inlet  would  be 
ident ical  i n  a i r  to that i n  Freon. 

The average inlet Mach number was determined from the following 
expression: 

Maximum weight flow 
Measured weight flow 

i ". 



where the weight flow is that flow which would occur f o r  the 
same stagnation conditions a t  a Mach number of 1.0. 

"he equivalent weight f o r  a i r  is then determined from the fo l lowing  
expression: 

where 

and 

Y 
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TdaLE 1.- ROTOR 2 ORDINATES 
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(a) Boot section (&inch radius). 

All dimensions in inches 

X 

0. ooo 
0.072 . lclo 

.I35 

.U8 

.2m 

.300 

.349 
-390 . hoo 
.so0 
.600 
.700 
.71L 
.800 
.900 
1. om 
1.100 
1.200 
1.300 
1.400 
I.500 
1.600 
1.700 
1.800 
1.900 
2.000 
2.100 
2.200 
2.3cO 
2.400 
2.500 

=U 

0.0oO .a% 
.008 .oo3 
.m .cxX 
.002 
.m -. 002 -. 002 -. 006 -. a0 -. 013 -.m - .016 -. 018 -. 020 -. 023 
-.m5 -. 026 
-.W8 
"028 -. 028 
- -027 -. 026 -. 025 
- .022 -. 020 
- .018 -. 016 -. 009 .oQo 

. YI 

0. ooo -. 009 -. O U  -. 018 -. 020 - .028 -. 047 
-.. Q58 -. 067 -. 070 -. og4 -.u -. 124 -. 125 -. 127 
-.UO 
-.132 -. 132 
-.I29 -. 125 -. 121  -. 117 
-.Ill -. 103 -. 095 -. 085 
- 0  075 -. 064 -. 053 -.ow -. 027 
.OW 



TABLE I.- R d O R  2 ORDINATES - Continued 

(b) Pitch section (7-inch radius). 
. - I. .'_. . . . .. . -. . . .  

. .  

- 
pitch ... chord l ine 

z " 

X 

O.OO0 
.060 . loo .la 
.200 
.267 
.30a .400 
.L98 
.5m 
.600 
.7m 
790 
,800 ' 
.9m. 
l.m . 
1.100 
1.200 
1.300 
1 .!$Q 
1.500 
1.600 
1.700 
1.900 
1.900 
2.000 
2.100 
2.158 
2.200 
2.274 

L 
0. OOO .005 
.m .oop 

' .009 .ax .ooB 
007 .a06 .cc% 
.m 
.005 
.@33 
.003 
.003 
.002 
.ocll 
.m 
.m -. Cm 

-.om -. 003 -.a - .005 -. oc)8 
L. 009 -.m -.a -. 002 
.m 

Yl . 
0. ooo 
-.w -.008 -. 010 -. 017 -. 023 -. 027 -. 037 -. 052 

' -.&3 
:c69 -. os5 

-.092 -.w2 -. 092 -.w2 -. 089 -. 087 -.a3 - .078 -. 072 -. a55 -. 6 9  -. 0 9  -.a44 -. 036 -. 028 
-.mil 

. -.a5 
.om 



TAZX I.- RCrT(sR 2 URDINATES - Concluded 
(c) Tip section (8-hd-1 radius). . 

1 

A l l  dimensions in inches 

X 

0. Ooo 
.071 
.loo .u2 
.200 
.251 
.3m 
.400 
.49s .so0 
.6OO 
.700 
.748 
.800 
.900 
971 

1. m 
1.100 
1.200 
1.300 
l . t W  
1.500 
1.600 
1.700 
1.800 
1.900 
2.OOO 
2.060 
2.100 
2.120 

of 

Tip chard 

1 

0.000 
.007 .009 . o l l  . o12 .ollr 
.015 . Om 
. M a  
.020 
.022 
.a23 
.923 
.02h 

023 
9 023 
.a23 
.022 
.020 . ole 
.ol6 
; O U  
.010 .a 
.003 .002 
.901 
.m 

.ma 

.oO05 I 

O.Oo0 
-.OW -. 003 .-. OOL -. Qc% - 007 -. 008 -. 011 -. 013 
-.OU -. 019 -. 026 -. 031 -. -. 036 -. 035 -. 035 
"032 -. 029 -. 026 -. 023 -. 020 -. 017 - -015 
-.OU ". o n  -. 010 -. 009 
-.a33 
.om 

I 

line 
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T 2  - 
P2 = 

1703 
1.620 

461.0' 3 
.6S60 P (900 - $) = 28.4' 

% =  
v2 = 
T 2  = 
P 2 =  

( a) Velocity diagram for air. 

Figure 1.- Supersonic compressor velocity diagrame f o r  the-  tip, pitch, 
and root  secttone. 

" 
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1.551 

0.785 

(b) VelocFty diagram f o r  Freon correeponding to the a i r  design 
as shown in figwe l '(a). 

Figure 1.- Concluded. - 
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Figure 2.- Supersonic region of a two-dimeneional rotor blade section. 

. 





30 

R o t o r 4  I Bearing 
housing 

I I I  -"" 

I 

Figure 4.- Arrangement of rotor,  guide vanes, and i n l e t  passages and 
location of pressure instrumentation. All dimensions are in inchee. 



Figure 5.- Rotor 1 with loo wedge of balsa on the blades. 



. 
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Balsa wedge - I / !  
S t a t i o n  3 

F low direction 
relative t o  
r o t o r  

b 

Figure 6 .  - Cross section through  rotor 1 blades at 14-inch (pitch) 
diameter. Design configuratzon; 62 blades used. (All afmensio~3 
are in hches .  ) 



. - . . . . . . . .  
. . . . .  . . . . . . . . . .  . .- . . .  

A 

"\ &Ordm 7 

Figure 7.- Guide-vane deslgn for rotor 2. 

. . .  . . . . . . . . . . . . . . . . .  . . . . .  
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I 

Figure 8.- Rotor  2 before final assembly. 
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- Freon 
Air (reference 4) 

2 .o . 1608 fps in a i r  

Q 1680- 

I 

I I t 

(a) T o t a l  pressure rise. 

Figure 9.- Characteristics of r o t o r  1. Results corrected to air flow. 
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. . . " . 

Nominal equivalent tip speed, fps 
0 1680 
a 1610 2 z;; 
Q o. 8 6  

L 
5 60 
a s 
rl 
ld 4 t- - (reference 4) - Efficlenoy envelope, air 

50 I I I 

(b) Efficiency. 

Figure 9.- Concluded. 
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1.8 

1.6 

1.4 

1.2 
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+I 

fi  
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.8 

.6 

-4 

.2 

0 

t 1 

I I I 1 I I I 

-"" .. / J  .. - """"_ 

""_ 

(a) Pressure ratios. 

Figure 10.- R d a l  variation of compressor parameters a t  design  equivalent 
t i p  speed for  ro to r  1. 
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1.1 

1.0 

-9 

.8 
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- 3  

.E 

.1 

0 
50 

Root 
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(b) E x i t  axial velocity r a t i o  and Mach number. 

Figure 10. - Continued. 
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(c) Absolute exit and turning angles. 

Figure 10. - Concluded. 



I io0 t TIP 

a 5 0  

Freon 
"" Air (reference 4) 

.54 e 58 62 
Radius, f t 

Figure ll.- CompariEjon of the re la t ive  Mach number at the exYt of rotor  
passage at desfgn equivalent tip speed. 
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(a) Total  pressure rise. 

Figure 13.- Characteristics o f  rotor 2 without guide vanes. Results 
corrected to air flow. 



. .  

Nominal 

Q\ 

equivalent tip speed, fpa e 

" 

10 14 18 22 26 

Equivalent weight flow, 6, lb/neo 
-b 

30 

(b) Efficiency, 

Figure 13.- Concluded. 

Y 
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R 
Nominal equivalent t i p  speed, fps 

a 1680 

I 

(a) Total pressure rise. 

t 

Figure 14.- Characteristics of rotor 2 with guide vanes. Results 
corrected t o  air flow. 
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\ 

'1 Q 

10 1 4  18 22 26 30 
Equivalent weight flow, q, Zb/S%C 

(b) Efficiency. 

Figure 14. - Concluded. - 
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. 

. .  

2.2 - 

. , . .  

(a) Pressure ratios. 

Figure 15.- Radial variation of compressor parameters a t  an equivalent 
tip speed of 1610 f e e t  per eecond fo r  Freon rotor  2 without guide vanes. - 
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rl 
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.t 
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I___ NACA RPl LsaCOs 

(b) Eat axial velocity ra t io  and Mach number. 

Figure 1F-- Cantinued. 
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(c) Absolute exit and turning angles. 

Figure 15. - Concluded. 
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2 .O 

1.8 

1.6 

1.2 
0 
rl 
CI 

E 
1.0 

m 
L 
PI 

.8 
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.4 

. .2 
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Radlu,  r t  

(a) Pressure ratioe. 

Figure 16, - R a d i a l  vaziatian of .  compressor parameters at an equivalent 
tip speed of 1610 feet  per second far Freon rotor 2 with guide vanes. - 

I 
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(b) Exit axial velocity ratio and Mach' number. 

Figure 16.- Continued. 
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Root T i p  

,,-Flow angle i n t o  ntat.ora,ps / 

( c )  Absolute exit and turning angles. 

Figure 16.- Concluded. 
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